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Abstract—In this paper, we propose a power allocation strat-
egy for the adaptive orthogonal frequency-division multiplexing
(OFDM) index modulation (IM) in cooperative networks. The
allocation strategy is based on the Karush-Kuhn-Tucker (KKT)
conditions, and aims at maximizing the average network capacity
according to the instantaneous channel state information (CSI).
As the transmit power at source and relay is constrained
separately, we can thus formulate an optimization problem
by allocating power to active subcarriers. Compared to the
conventional uniform power allocation strategy, the proposed
dynamic strategy can lead to a higher average network capacity,
especially in the low signal-to-noise ratio (SNR) region. The
analysis is also verified by numerical results produced by Monte
Carlo simulations. By applying the proposed power allocation
strategy, the efficiency of adaptive OFDM IM can be enhanced
in practice, which paves the way for its implementation in the
future, especially for cell-edge communications.
Keywords—Index modulation, OFDM, power allocation, capac-
ity optimization, cooperative networks.
I. INTRODUCTION
Stemming from parallel combinatorial signaling, spatial
modulation (SM) and orthogonal frequency-division multiplex-
ing (OFDM) index modulation (IM) have been regarded as
two of the most promising modulation techniques for next
generation networks [1]–[5]. SM is designed for multiple-
input-multiple-output (MIMO) systems and exploits the spatial
dimension, while OFDM IM is mainly applied to multicarrier
systems by conveying information via the frequency dimen-
sion. The investigations into SM are relatively full-fledged
and a complete framework regarding performance analysis,
resource allocation and practical implementation has been
constructed [2]. Compared to SM, OFDM IM is relatively new
and many aspects require attention. The concept of OFDM
IM is first proposed in [6], and then systematically improved
and generalized in [7] and [8], respectively. Subsequently, the
transmission rate of OFDM IM is analyzed in [9] and the
extension of OFDM IM to cooperative networks is presented
in [10], in which the outage performance, network capacity
and error performance of OFDM IM are analyzed in detail.
However, in most existing works, the transmit power is
simply allocated to each subcarrier in a uniform manner, and
the analysis of the power allocation problem is still lacking.
As shown in conventional OFDM systems and SM systems,
an optimized power allocation strategy would significantly
enhance the system performance in terms of throughput and
Fig. 1: System block diagram of adaptive OFDM IM, reproduced
from [10] with permission.
reliability [11]–[13]. In [14] and [15], power allocation prob-
lems are analyzed and solved for OFDM systems with DF
relays based on the Karush-Kuhn-Tucker (KKT) conditions
and KKT multipliers. A similar approach is also proved to
be effective for OFDM-based cognitive radio systems and
multiuser scenarios [16], [17]. Following the analysis given
in [10], we thereby adopt a similar KKT conditions-based
approach and carry out the analysis regarding power allocation
for adaptive OFDM IM in cooperative networks in this paper.
Finally, we formulate the optimization problem and propose a
dynamic power allocation strategy aiming at maximizing the
average network capacity. Numerical results verify that with
the proposed power allocation strategy, the average network
capacity can be improved compared to that with uniform power
allocation strategy, especially in the low signal-to-noise ratio
(SNR) region. This makes the proposed strategy particularly
useful for cell-edge communications.
The rest of the paper is organized as follows. Section II
presents the system model. We then formulate the optimization
problem and analyze the power allocation strategy in Section
III. Subsequently, numerical results are shown and discussed
in Section IV. Finally, the paper is concluded in Section V.
II. SYSTEM MODEL
A. System framework
Following the system model constructed in [10], we con-
sider a two-hop OFDM IM system with NT subcarriers, in
which one source, one relay and one destination exist. The
transmit power at source and relay is constrained separately by
the same bound Pt. This system operates in a slow frequency-
selective fading environment and the fading on each subcarrier
can be regarded as independent and identically distributed
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(i.i.d.). Then, NS (1 ≤ NS < NT ) subcarriers are selected by
a certain criterion (details given in Section II-C) to construct a
mapping scheme for OFDM IM1. After that, a bit stream with
a variable-length B(k) = BS +NA(k)BM can be modulated
by both the subcarrier activation pattern and the conventional
M -ary amplitude and phase modulation (APM) scheme (e.g.
M -PSK and M -QAM), where k ∈ {1, 2, 3, . . . , 2NS} denoting
the index of the subcarrier activation pattern and NA(k) is the
number of active subcarriers for the kth pattern; BS = NS
is the length of the bit stream which will be modulated by
the subcarrier activation pattern in an on-off keying (OOK)
manner, and on each active subcarrier, a symbol generated by
a BM -bit stream is transmitted. This is termed adaptive OFDM
IM and the system block diagram is illustrated in Fig. 1.
However, one might note that, as the subcarriers are activated
in an OOK manner, there is a possibility that all subcarriers
are inactive when an all-zero BS-bit stream is transmitted
(we denote this case as k = 1). This is termed zero-active
subcarrier dilemma, and a complementary subcarrier from
those NT − NS unselected subcarriers will be activated to
undertake the transmission of at least one APM symbol2.
Meanwhile, we assume there is no direct transmission link
between source and destination due to deep fading and the
signal propagation must go through relay. Also, a half-duplex
decode-and-forward (DF) forwarding protocol is adopted at the
relay, and two orthogonal temporal phases are required for one
complete transmission from source to relay, and from relay to
destination.
B. Channel model
It is assumed that the channels in the first and second hops
are slow frequency-selective Rayleigh faded with exponentially
distributed channel gains. Here, the slow property indicates
that quasi-static block fading channels are considered and the
channel gains are random but would remain unchanged for a
sufficiently large period of time [18], so that the overheads for
transmitting the selected mapping scheme and information of
power allocation via feedforward links to relay and destination
for decoding purposes are negligible [19]. Denoting the set of
all subcarriers as N = {1, 2, . . . , NT }, ∀ n ∈ N , the proba-
bility density function (PDF) and the cumulative distribution
function (CDF) of the channel gain |hi(n)|2 are
fi(s) = exp (−s/µi) /µi ⇔ Fi(s) = 1−exp (−s/µi) (1)
where µi denotes the average channel gain of the ith hop.
C. Mapping scheme selections
In OFDM IM systems, a general NT × 1 transmit OFDM
block in frequency domain can be written as
x = [x(1), x(2), . . . , x(NT )]
T ∈ CNT×1, (2)
where (·)T denotes the matrix transpose operation and C is
the field of complex numbers.
After selecting an arbitrary cth mapping scheme, c ∈ C,
where C is the set of all possible mapping schemes, and
1Note that, by such a selection process, the constructed mapping scheme is
NOT the same as the inherent activation pattern used in OFDM IM systems.
2More details of this dilemma can be found at [10].
obtaining a subset NS(c) ⊂ N for OFDM IM, the reduced
OFDM block determined by the B(k)-bit stream is given by
x(k) = [x(m1, 1), x(m2, 2), . . . , x(mNS , NS)]
T ∈ CNS×1,
(3)
where
x(mn, n) =
{
χmn , n ∈ NA(k)
0, otherwise
(4)
corresponds to the data symbol transmitted on the nth sub-
carrier, and NA(k) ⊆ NS(c) is the subset of NA(k) active
subcarriers for the kth subcarrier activation pattern; χmn is the
M -ary APM symbol and we can normalize it by χmnχ
∗
mn = 1.
Therefore, for k 6= 1 (i.e. there is at least one active
subcarrier), we can obtain the received SNR in the ith hop for
the nth subcarrier when the kth subcarrier activation pattern
is utilized by
γi(k, n) =
{
Pt,i(k,n)
N0
|hi(c, n)|2, ∀ n ∈ NA(k)
0, ∀ n ∈ NS(c) \ NA(k)
(5)
where Pt,i(k, n) is the allocated transmit power to the nth
subcarrier in the ith hop and N0 is the additive white Gaussian
noise (AWGN) power; |hi(c, n)|2 is the channel gain regarding
the nth subcarrier after performing mapping scheme selection.
On the other hand, when k = 1, we can have
γi(1, n˜i) =
Pt
N0
|hi(n˜i)|2 and γi(1, n) = 0, ∀ n ∈ NS(c),
(6)
where n˜i denotes the index of the complementary subcarrier
selected for the ith hop.
1) Decentralized mapping scheme selection: Now, we can
specify the method of mapping scheme selection. Two map-
ping scheme selection methods are introduced in this paper,
which are applied to different types of networks depending
on the processing capability of the relay node. If both source
and relay can get access to CSI and perform mapping scheme
selections independently, we can adopt the decentralized map-
ping scheme selection method in each hop by the criterion:
cˆi = arg max
c∈C
 ∑
n∈NS(c)
γi(2
NS , n)
 . (7)
Also, the complementary subcarrier in each hop can be se-
lected by
n˜i = arg max
n∈N\NS(cˆi)
|hi(n)|2. (8)
2) Centralized mapping scheme selection: On the other
hand, for a simple relay which is unable to perform map-
ping scheme selection due to limited system complexity and
processing capability, we can utilize the centralized mapping
scheme selection method, by which the mapping scheme
selection is only performed at the source and utilized by the
relay. The selection criterion can be written as
cˆ1 = cˆ2 = cˆ
= arg max
c∈C
 ∑
n∈NS(c)
min
{
γ1(2
NS , n), γ2(2
NS , n)
} , (9)
Fig. 2: An example of (a): a two-hop system with the decentralized
mapping scheme selection; (b): a two-hop system with the centralized
mapping scheme selection, when NT = 4, NS = 3 and NA(k) = 2.
and the complementary subcarrier can be similarly selected by
n˜1 = n˜2 = n˜ = argmax
n∈N\NS(cˆ)
min
{|h1(n)|2, |h2(n)|2} . (10)
The two-hop systems with decentralized and centralized
mapping scheme selections are illustrated in Fig. 2 for clarity.
D. Network capacity
By the max-flow min-cut theorem [20], the average net-
work capacity in two-hop networks can be expressed by
C¯ = E {C(k)} [bit/s/Hz], (11)
where E{·} represents the expectation over all channels and
subcarrier activation patterns; C(k) is the network capacity
when the kth subcarrier activation pattern is utilized and can
be written as
C(k) =

1
2
min {log2 (1 + γ1(1, n˜1)) , log2 (1 + γ2(1, n˜2))} ,
if k = 1∑
n∈NA(k)
1
2
min {log2 (1 + γ1(k, n)) , log2 (1 + γ2(k, n))} ,
if k > 1
(12)
The average network capacity will be adopted in the following
analysis to evaluate the system throughput, and the maximiza-
tion of the average network capacity is the objective of the
formulated optimization problem in the next section3.
III. PROBLEM FORMULATION AND ANALYSIS
A. Dynamic power allocation strategy
For the adaptive OFDM IM systems in two-hop networks
introduced in the previous section, we can formulate the
3For a typical OFDM system, there are two kinds of optimization problems:
1) maximizing the network capacity under a limited total transmit power; 2)
minimizing the total transmit power beyond a threshold network capacity [21].
Because the user experience is regarded as one of the most important metrics
in next generation networks [22], we take the former optimization scenario in
this paper.
optimization problem infra:
max
Pt,1(k)
Pt,2(k)
{
C¯
}
s.t.
∑
n∈NA(k)
Pt,1(k, n) ≤ Pt,
∑
n∈NA(k)
Pt,2(k, n) ≤ Pt
Pt,1(k, n) ≥ 0, Pt,2(k, n) ≥ 0, ∀k ∈ K, n ∈ NA(k).
(13)
where Pt,i(k) =
[
Pt,i(k, n1), . . . , Pt,i(k, nNA(k))
]T
, ∀ k ∈ K.
By (11), we can reduce the expression of C¯ to
C¯ = E
k∈K
{
E
h1(n),h2(n)
{C(k)}
}
[bit/s/Hz], (14)
From (14), we observe that as long as the network capacity of
each instant can be optimized, the average network capacity
will be optimized. As a result, we can equivalently transfer the
optimization problem formulated in (13) to
max
Pt,1(k)
Pt,2(k)
{C(k)}
s.t.
∑
n∈NA(k)
Pt,1(k, n) ≤ Pt,
∑
n∈NA(k)
Pt,2(k, n) ≤ Pt
Pt,1(k, n) ≥ 0, Pt,2(k, n) ≥ 0, ∀k ∈ K, n ∈ NA(k).
(15)
1) Decentralized mapping scheme selection: When k = 1,
the complementary subcarrier n˜i is the only one active sub-
carrier in the ith hop and thus all transmit power Pt will be
allocated to it. For such a special case, there is only a unique
solution to (15), and the power allocation is easy to deal with.
On the other hand, when k 6= 1, because the power allocations
in two hops are independent when the decentralized mapping
scheme selection method is employed, we can further split the
reduced optimization problem formulated in (15) into
max
Pt,i(k)
{Ci(k)}
s.t.
∑
n∈NA(k)
Pt,i(k, n) ≤ Pt, Pt,i(k, n) ≥ 0,
∀k ∈ K, n ∈ NA(k).
(16)
for each hop, where Ci(k) =
∑
n∈NA(k)
1
2 log2 (1 + γi(k, n)).
Besides, by (5), it is obvious that Ci(k) is continuous and
differentiable with respect to Pt,i(k, n), ∀ n ∈ NA(k).
We can find the optimization problem formulated in (16)
to be a standard nonlinear programming problem [23]. Now,
by employing the KKT conditions-based approach, we can
construct the KKT function for the ith hop as follows4
Li(Pt,i(k, n1), Pt,i(k, n2), . . . , Pt,i(k, nNA(k)),
i, εi(n1), εi(n2), . . . , εi(nNA(k)))
= Ci(k) + i
Pt − ∑
n∈NA(k)
Pt,i(k, n)
+ ∑
n∈NA(k)
εi(n)Pt,i(k, n),
(17)
where i and εi(n) are the KKT multipliers for the ith hop,
∀ n ∈ NA(k).
4For simplicity, we will use Li as a shorthand in the following analysis.
Subsequently, we can derive the KKT conditions to be
∂Li
∂Pt,i(k,n1)
= |hi(cˆi,n1)|
2
(2 ln 2)(N0+|hi(cˆi,n1)|2Pt,i(k,n1))
− i + εi(n1) = 0
∂Li
∂Pt,i(k,n2)
= |hi(cˆi,n2)|
2
(2 ln 2)(N0+|hi(cˆi,n2)|2Pt,i(k,n2))
− i + εi(n2) = 0
...
∂Li
∂i
= Pt − ∑
n∈NA(k)
Pt,i(k, n) = 0
εi(n1)Pt,i(k, n1) = 0
εi(n2)Pt,i(k, n2) = 0
...
εi(nNA(k))Pt,i(k, nNA(k)) = 0
(18)
Solving the equation set given in (18) yields the optimal
P∗t,i(k). In order to perform numerical evaluation later, we can
generally express the standard waterfilling solution given by
P ∗t,i(k, n˙) =
[
1
(2 ln 2)(i − εi(n˙)) −
N0
|hi(cˆi, n˙)|2
]+
, (19)
where [x]+ = max {0, x}; i and εi(n˙) satisfy
Pt −
∑
n∈NA(k)
(
1
(2 ln 2)(i − εi(n)) −
N0
|hi(cˆi, n)|2
)
= 0 (20)
and
εi(n)
[
1
(2 ln 2)(i − εi(n˙)) −
N0
|hi(cˆi, n˙)|2
]+
= 0. (21)
A general and closed-form expression of (19) independent
from i and εi(n˙) does not exist, since the solution is asso-
ciated with the quantitative relation among all channel gains.
However, for a given network realization, the solution can be
analytically determined by an iterative algorithm (see Theorem
1 in [24]), and the algorithm is implemented by the MATLAB
function fmincon.
2) Centralized mapping scheme selection: However, when
the centralized mapping scheme selection is performed, the
power allocations in the first and second hop are not in-
dependent anymore and should be considered jointly. As a
consequence, we cannot split (15) into (16) for two hops
independently. In this case, we have to integrate the channels
in two hops into a link and define the link gain as
|l(cˆ, n)|2 = min{|h1(cˆ, n)|2, |h2(cˆ, n)|2} . (22)
For k = 1, again, there is only one possibility of power
allocation and we can simply allocate all transmit power to the
complementary subcarrier n˜. On the other hand, when k 6=
1, we can employ the KKT conditions-based approach and
construct the KKT function for a whole end-to-end link as
follows:
L(Pt(k, n1), Pt(k, n2), . . . , Pt(k, nNA(k)),
, ε(n1), ε(n2), . . . , ε(nNA(k)))
= C(k) + 
Pt − ∑
n∈NA(k)
Pt(k, n)
+ ∑
n∈NA(k)
ε(n)Pt(k, n),
(23)
where  and ε(n) are the KKT multipliers, ∀ n ∈ NA(k).
Similar to the decentralized case, we have the KKT con-
ditions as follows:
∂L
∂Pt(k,n1)
= |l(cˆ,n1)|
2
(2 ln 2)(N0+|l(cˆ,n1)|2Pt(k,n1))
− + ε(n1) = 0
∂L
∂Pt(k,n2)
= |l(cˆ,n2)|
2
(2 ln 2)(N0+|l(cˆ,n2)|2Pt(k,n2))
− + ε(n2) = 0
...
∂L
∂
= Pt − ∑
n∈NA(k)
Pt(k, n) = 0
ε(n1)Pt(k, n1) = 0
ε(n2)Pt(k, n2) = 0
...
ε(nNA(k))Pt(k, nNA(k)) = 0
(24)
Solving the equation set given in (24)
yields the optimal P∗t,1(k) = P
∗
t,2(k) =[
P ∗t (k, n1), P
∗
t (k, n2), . . . , P
∗
t (k, nNA(k))
]T
. Again, we
can only generally express the solution of optimal power
allocated to each active subcarrier by
P ∗t,1(k, n˙) = P
∗
t,2(k, n˙) =
[
1
(2 ln 2)(− ε(n˙)) −
N0
|l(cˆ, n˙)|2
]+
,
(25)
where  and ε(n˙) satisfy
Pt −
∑
n∈NA(k)
(
1
(2 ln 2)(− ε(n)) −
N0
|l(cˆ, n)|2
)
= 0 (26)
and
ε(n)
[
1
(2 ln 2)(− ε(n)) −
N0
|l(cˆ, n)|2
]+
= 0. (27)
There does not exist a general and closed-form expression of
(25) either, and for a given network realization, the solution
can be determined by the iterative algorithm presented in [24],
which is implemented by the MATLAB function fmincon.
B. Uniform power allocation strategy
In contrast to our proposed dynamic power allocation
strategy depending on CSI, the conventional uniform power
allocation strategy is simple and does not rely on CSI, but
will lead to a suboptimal average capacity. We also briefly
introduce the uniform power allocation strategy here, as it
is a commonly used strategy and will be adopted as the
comparison benchmark in next section. When adopting the
uniform power allocation strategy, the transmit power allocated
to each subcarrier is the same and can be written as
Pt,1(k, n˙) = Pt,2(k, n˙) =
Pt
NA(k)
. (28)
IV. NUMERICAL RESULTS
We normalize µ1 = 1, µ2 = 1 and N0 = 1 and
carried out the numerical simulations regarding the relation
between Pt/N0 and the average network capacity for systems
adopting different mapping scheme selection methods and
power allocation strategies. In this paper, we directly employ
the MATLAB function fmincon to solve the optimal P∗t,1(k)
and P∗t,2(k). The numerical results are shown in Fig. 3. From
this figure, we can observe that the systems with the dynamic
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(a) Decentralized mapping scheme selection: NT = 128.
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(b) Centralized mapping scheme selection: NT = 128.
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(c) Decentralized mapping scheme selection: NT = 256.
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(d) Centralized mapping scheme selection: NT = 256.
Fig. 3: Average network capacity vs. ratio of total transmit power to noise power Pt/N0.
power allocation strategy outperform the systems with the
uniform power allocation strategy in terms of average network
capacity, which verifies the efficiency of our proposed dynamic
strategy for the adaptive OFDM IM in two-hop networks.
Besides, it is well known that the advantage brought by
the dynamic allocation strategy will diminish when Pt/N0
increases. This is because when a sufficiently large total
transmit power can be provided, the impacts of channel/link
gains on the capacity are relatively trivial, and the power
allocated to each subcarrier will converge to Pt/NA(k) (i.e.
the uniform strategy). Mathematically, by (19) and (25), this
property can be derived by
lim
Pt→∞
P ∗t,i(k, n˙)
= lim
Pt→∞
(
Pt +
∑
n∈NA(k)
N0
|hi(cˆi,n)|2
NA(k)
− N0|hi(cˆi, n˙)|2
)
=
Pt
NA(k)
,
(29)
and
lim
Pt→∞
P ∗t,1(k, n˙) = lim
Pt→∞
P ∗t,2(k, n˙)
= lim
Pt→∞
(
Pt +
∑
n∈NA(k)
N0
|l(cˆ,n)|2
NA(k)
− N0|l(cˆ, n˙)|2
)
=
Pt
NA(k)
,
(30)
for decentralized and centralized cases, respectively. This in-
dicates that our proposed dynamic power allocation strategy
will play a more important role and result in a significant gain
of channel capacity for cell-edge communications.
Another phenomenon shown in the numerical results is that
systems with different number of selected subcarriers NS have
a similar average network capacity in the low SNR region,
when the dynamic power allocation strategy is utilized. This
can be explained by the fact that all transmit power will be
allocated to the strongest channel/link at low SNR, regardless
NS . In this scenario, the OFDM IM system will degrade to a
conventional OFDM system unable to convey information by
the subcarrier activation pattern. As a consequence, the gain
of average network capacity brought by the dynamic power
allocation strategy can also be viewed as yielded by a mode
selection mechanism switching between the OFDM IM mode
and the conventional OFDM mode.
V. CONCLUSION
We proposed a power allocation strategy for the adaptive
OFDM IM in cooperative networks. Under a constrained
total transmit power, the power allocation strategy utilizes
the instantaneous CSI to allocate the total transmit power to
each active subcarrier based on the KKT conditions, aiming
at maximizing the average channel capacity. We analyze the
formulated optimization problem and equivalently transfer it
to another optimization problem for each instant. We also
give two examples of adaptive OFDM IM systems with
decentralized and centralized mapping scheme selections to
illustrate the efficiency of the proposed power allocation strat-
egy. Meanwhile, the general forms of the final solutions to the
formulated optimization problems have also been given and
their values can be provided by an iterative algorithm for a
given network realization. By numerical results provided by
Monte Carlo simulations, our proposed dynamic strategy can
lead to a higher average network capacity than uniform power
allocation strategy. By applying the proposed power allocation
strategy, the efficiency of adaptive OFDM IM can be enhanced
in practice, which paves the way for its implementation in the
future, especially for cell-edge communications.
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